Introduction
Hydrogen-bonded complexes are interesting to study mainly because of their fundamental importance to the chemistry of life. They can be represented in a simplified way by X-H…Y, in which X is the donor unit atom directly bound to the bridge hydrogen while Y is an electronegative atom with lone electron pairs in the acceptor monomer. Many experimental measurements of geometrical parameters, Moreover, changes observed in the vibrational spectra of molecules undergoing dimerization have been studied for a long time. For instance, Dinur and Hagler evaluated the influence of atomic charge fluxes and variations in van der Waals parameters for hydrogen bond interactions and their consequences on structural changes and spectral shifts in the water dimer. 22 Particular attention has been addressed to infrared intensity investigations of vibrational modes 3 in complexes linked by hydrogen bonds. 26 Zilles and Person demonstrated that the polar tensor element associated with dipole moment derivatives along the hydrogen bond axis (O…H-O) due to bridge hydrogen displacement along this axis in the water dimer is significantly different from the equivalent one in an isolated molecule due mainly to charge flux according to the chargecharge flux -overlap (CCFO) partition, 27 with similar conclusions obtained for the HCN…HF dimer. 23 Yeo and Ford used atomic polar tensor invariants and Mulliken charges to also interpret intensity variations on hydrogen bonding. 24 Exchange and charge transfer effects are cited as important quantities in these studies. 25 Another recent investigation with the Equilibrium Charge -Charge Flux (ECCF) model also reinforced the importance of charge fluxes to these intensity enhancements of X-H stretching modes on hydrogen bonding. 26 In addition, effects of basis set superposition errors (BSSEs) on intensities have also been determined for the HF…HF dimer. 28 This work suggested that infrared intensities obtained at the self-consistent field (SCF) level should only be slightly affected by BSSEs.
The CCFO partition model 27 for dipole moment derivatives has been normally based on
Mulliken charges and fluxes calculated from them. However, a new investigation has pointed out that charge fluxes derived from the Mulliken formalism do not show a clear convergence pattern with basis set size increments and may lead to results in large disagreement with chemical expectations based on well-established physical arguments. 29 Another alternative partition is represented by the charge -charge flux -overlap modified (CCFOM) model, in which charge and charge flux are defined directly from polar tensor elements. 30 However, CCFOM leads to dominant charge fluxes for stretchings in LiH and NaH, which are inconsistent with the harpoon mechanism determined for such ionic molecules.
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Physical Chemistry Chemical Physics Accepted Manuscript 4 Recently, dipole moment derivatives are being analyzed by the charge -charge fluxdipole flux (CCFDF) model, 31 which employs changes in charges and atomic dipoles from the Quantum Theory of Atoms in Molecules (QTAIM), 32, 33 to investigate infrared intensities. 34 Thus, the contribution from variations in anisotropies of atomic electron densities during vibrations (atomic dipole fluxes), an important aspect of the QTAIM formalism, is fully taken into account in this infrared intensity partition. Hence, the QTAIM/CCFDF model provides an alternative tool to understand the origins of variations in infrared intensities of fundamental bands. In fact, this model was employed to evaluate infrared intensities of C-H stretchings in polycyclic aromatic hydrocarbons. 35 The dipole moment derivatives during the displacement of the a th atom are
in which the three terms that arise are respectively known as charge (C), charge flux (CF) and atomic dipole flux (DF) contributions to dipole moment derivatives. Moreover, infrared fundamental intensities (A α ),
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are finally decomposed in several terms according to the QTAIM/CCFDF treatment
meaning that the intensity is a sum of individual contributions from charge, charge flux and dipole flux as well as their cross terms. See also that eqs. (4) and (5) imply scalar products of the vectors present.
In addition, QTAIM has also been used to provide important characterization criteria for hydrogen bonding interactions. 38 Correlations between some of these QTAIM quantities and an experimental parameter of hydrogen bond basicity were also investigated for Platts. 39 The details of hydrogen bond energetics within the QTAIM formalism have also been the focus of an interesting study that showed the crucial role of mutual penetration between acid and base molecules. 40 As a result of this mutual penetration, the dipolar polarization of the bridge hydrogen decreases upon hydrogen bonding. 38 Another energetic partition based on similar arguments also shed some light into the covalent/electrostatic view of hydrogen bonding interactions, discussing the charge transfers observed under formation of these dimers. 41 This work is concerned with the study of variations in dipole moment derivatives and infrared intensities of X-H stretching modes ascribed to the donor molecule due to hydrogen bond formation by means of the recently developed QTAIM/CCFDF partition model. 31 We selected a series of simple dimers and complexes to facilitate the data analysis: HF…HF, HCl…HCl, HCN…HCN, HNC…HNC, HCN…HF, HF…HCl and H 2 O…HF. Electronic structure calculations were performed at the CCSD/cc-pVQZ-mod level, in an attempt to minimize significantly BSSEs and to include high-order electron correlation corrections to provide one of the most advanced treatments ever tried for these dimers.
Computational details
Calculations in this work were performed with the Gaussian 03 package. 42 This software assumes a harmonic potential so its intensity estimates do not include corrections for anharmonicity. However anharmonic perturbations on vibrational intensities are of the second order (for diatomics involving a product of the cubic potential energy term by the curvature of the dipole moment function at equilibrium geometry) contrary to the expectedly more important first order corrections to harmonic frequencies. 43 The CCSD method was chosen along with a modified version of cc-pVQZ sets, labeled as cc-pVQZ-mod. These modified sets are obtained by removing the function with the largest angular momentum of each atom from the original ccpVQZ 44, 45 to reduce the computational demand. Some calculations to evaluate the need for diffuse functions were also done with aug-cc-pVTZ sets. 44, 45 47 In addition, basis set superposition errors were 7 evaluated by means of the counterpoise method. 48, 49 Numerical two-point estimates of charge and atomic dipole derivatives are obtained by 0.01 Å atomic displacements from equilibrium structures. Linear monomers and dimers were displaced along the Cartesian z axis while the X-H bond in donor molecules of the remaining dimers is also aligned along this axis. 
Results and discussion
Molecular properties at equilibrium geometries
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Physical Chemistry Chemical Physics Accepted Manuscript 8 Moreover, Table 2 The results from QTAIM, Table S2 , show that the bridge hydrogen atoms are more positively charged in the complexes than in their respective isolated molecules (from 0.02 to 0.06 e). These findings are in close agreement with previous studies that involved Mulliken charges of several hydrogen-bonded complexes 23, 24 and NBO results for the water dimer. 52 On the other hand, the ECCF model indicates the opposite tendency for these atoms 26 and this disagreement is probably caused by the ECCF assumption that molecular dipole moments are completely explained by atomic charges only. In addition, the X atom receives some electronic charge on complexation (between -0.03 and -0.05 e) according to our study while the opposite occurs for the hydrogen atoms of acceptor units (from 0.01 to 0.03 e). QTAIM values (Table S2 ) also point to small electronic charge transfers from acceptor to donor units occurring on hydrogen bond formation, which varies between 0.004 and 0.030 e. NBO analyses and the ECCF model also confirm that hydrogen bonding is accompanied by an electronic charge transfer from acceptor to donor molecules. 26, 52 These charge changes predicted by QTAIM are in line with the molecular dipole moment strengthening that was observed on dimerization.
Infrared intensities
Furthermore, Tables 3 and 4 customarily interpreted as resulting from bond weakening. Another work found in the literature also shows the vibrational frequencies and infrared intensities for the HF…HF dimer as obtained in CCSD(T) calculations with some triple-and quadruple-zeta basis sets. 18 The individual frequencies for HF stretching modes from the largest basis set of this article are slightly different from ours but the variations on dimerization are nearly the same. Moreover, these CCSD(T) infrared intensities are almost equal to the ones found by us. The validation data from the aug-ccpVTZ sets also do not provide significant differences. QTAIM/CCFDF intensities from CCSD/cc-pVQZ-mod calculations, also in Tables 3 and 4 The analysis described in eq. (5) was used in order to seek an interpretation for the intensity enhancements of the HX donor stretching modes due to hydrogen bonding. Table 5 contains the QTAIM/CCFDF contributions to the infrared intensities of the monomers and complexes. Some features noticed before in a group of mostly organic molecules can also be detected in our results. 37 Table 6 . However, the interaction between charge and charge flux, 
Atomic contributions to the infrared fundamental intensities
As Eq. (4) shows, the square root of infrared fundamental intensities is a measurement of absolute values for dipole moment derivatives with respect to normal coordinates. Thus, considering that the HX donor bond is positioned along the Cartesian z axis and assuming that the normal mode ascribed to the stretching of this particular bond can be simply represented by a displacement of the donor hydrogen atom along this axis as supported by our vibrational calculations, these derivatives in terms of normal coordinates should be nearly proportional to Hd zz p , a polar tensor element of the donor hydrogen atom. This proportionality is in fact supported by our results for HX donor stretchings (see Table S3 ). Furthermore, we also arrived at similar
contributions to the ones seen in Table 6 by means of the Hd zz p values (see Table S4 ). We Person. 23 Our results indicate that the most relevant charge derivatives are those of this hydrogen and the X atom, except for the HNC…HNC dimer. In this case, the carbon charge of the donor 
for the coordinate system used here with the HX donor bond aligned along the z-axis and the X atom positioned in the negative direction. The second term in Eq. (7) represents electronic charge transfer to the X atom. It has a negative sign because the transfer is in the negative direction. It is a product of the charge derivative times the HX donor bond length and could be interpreted as the quantity of charge transferred from H d to X times the distance associated with the transfer. The third term is positive and describes charge transfer in the opposite direction from the hydrogen donor atom to the acceptor Y atom, where R YHd is the projection of the hydrogen bond length on the z-axis (absolute value). There is one analogous charge flux term as well as a derivative of its atomic dipole for each of the other atoms in the complex, whose terms are implicit in Eq. (7). Table 7 contains the differences observed in the terms of eq. (7) as given by the QTAIM/CCFDF analysis on hydrogen bonding (individual values for monomers and dimers are in Table S5 Table 7 clearly provide evidence of large charge flux (CF)
contributions to the infrared intensity enhancements from the other atoms on hydrogen bonding. Table 8 presents a different grouping of terms in eq. (6), which allows discrimination of the three main sources of atomic charge flux changes on complexation (individual values for monomers and dimers are in Table S6 ). As mentioned in the previous paragraph, one can see that increments in the bridge hydrogen charge and polarization changes on complexation are in general the least important factors to explain the concomitant increases in Consequently, according to our study, the sum of these three effects is the fundamental reason for the infrared intensity enhancement of HX donor stretchings caused by hydrogen bonding. This Thus, the main aspects seen here are in line with interpretations based on the ECCF model, although some divergences are observed. 26 Our work also agrees with the general conclusions drawn by Zilles and Person for a displacement of the bridge hydrogen atom alone in the water dimer. 23 However, a more complete analysis of the water dimer should take into account normal mode changes on dimerization. 
